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Abstract Hierarchical porous tin dioxide has been suc-
cessfully prepared through a fast one-pot template-free
synthesis route. The boiling of the mixture of alcohol and
glycerol can be utilized to generate nanopores in the SnO2
monolith. Polycrystalline hierarchical SnO2 with well
proportioned composition has also been obtained in the
pore walls of tin dioxide.
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1 Introduction
Tin dioxide (SnO2) is becoming an important inorganic
material owing to its myriad technologically important
applications. As an n-type wide-band semiconductor
(Eg = 3.6 eV, 300 K), it is widely used in many areas such
as gas sensor [1, 2], electrode material [3, 4], solar cells [5, 6],
and catalysts [7]. For these key functional applications, it has
been prepared through a wide variety of synthetic approaches
such as solvothermal method, spray pyrolysis, sputtering,
solution-phase growth, vapor–liquid–solid (VLS) growth,
and molten salt synthesis, among others [8–13]. Up to now,
different novel morphologies of SnO2, such as nanoparti-
cles, nanorods, nanotubes, nanodiskettes, nanoboxes, hollow
spheres, and mesoporous structures [14–21], have been
designed. As known, the hierarchical porous material has
been studied extensively for its wide applications such as
HPLC separation, bone-tissue implants, catalysis, electrode
materials for fuel cell application, heterogeneous colori-
metric sensors, biomaterials engineering and controlled drug
delivery devices, photovoltaic cells and energy conversion
applications [22–29]. To the best of our knowledge, the
production of hierarchical porous SnO2 has never been
reported before. Herein, we present a simple one-pot tem-
plate-free route to synthesize hierarchical porous SnO2
nanocrystals. The synthesis procedure is performed in an
ethanol–glycerol mixed solvent using tin tetrachloride
hydrate (SnCl42H2O) as the precursor. Such method is
convenient and environmentally friendly because it avoids
the complicated procedure of removing the templates. It
could also allow scientific researchers to fabricate other
metal oxides nanocrystals, such as TiO2, ZnO, and so on.
2 Experimental
2.1 Preparation
In a typical synthesis procedure, 1.0 g of SnCl42H2O
(Aldrich) was dissolved in a mixture solution, containing
15 mL of glycerol (Aldrich) and 10 mL of ethanol, with
vigorous stirring for 12 h to form a transparent solution.
The as-prepared solution was transferred to a Petri dish
with a diameter of 12.0 cm and calcined at 350 C
at 2.0 C/min for 8 h in a muffle furnace. Then, the cal-
cination temperature was further increased to 400 C at
5.0 C/min for 5 h. This procedure aimed to crystallize
SnO2 and to remove the remaining carbon element in the
as-prepared samples.
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2.2 Characterization
Wide-angle X-ray diffraction measurements were carried
out in a parallel mode (x = 0.5, 2h varied from 20 to
80) using a Bruker D8 Advance X-ray diffractometer (Cu
Ka radiation, k = 1.5406 A˚). The size of the as-prepared
SnO2 crystallites was estimated by using the Sherrer for-
mula: D = 0.89k/bcosh, where D is the crystal size, k is
the wavelength of X-ray radiation (0.15406 for Cu Ka
radiation), b is the full width at half maximum of the (110)
peak of SnO2. The N2-sorption isotherms were recorded at
77 K in a Micromeritics ASAP 2010 instrument. All the
samples were degassed at 150 C and 10-6 torr for 24 h
prior to the measurement. The Brunauer–Emmett–Teller
approach was used to determine the surface area. High-
resolution transmission electron microscopy (HRTEM)
was recorded in JEOL-2010F at 200 kV. The electron
microscopy samples were recorded prepared by grinding
and dispersing the powder in acetone with ultrasonication
for 20 s. Carbon-coated copper grids were used as sample
holders. The morphology of the samples was examined by
a LEO 1450 VP scanning microscope coupled with an
EDX spectrometer (Oxford Instruments). X-ray photo-
electron spectroscopy (XPS) measurement was done with a
PHI Quantum 2000 XPS system with a monochromatic
Al-Ka source and a charge neutralizer. All the binding
energies were referenced to the C1s peak at 284.8 eV of the
surface adventitious carbon.
3 Results and discussion
Shown in Fig. 1 is X-ray diffraction pattern of the as-pre-
pared sample of hierarchical porous SnO2. All diffraction
peaks in the pattern can be indexed to a typical SnO2
tetragonal phase (JCPDS 41-1445). Characteristic peaks of
any other impurities cannot be observed. Such structured
nanocrystal of SnO2 owns a P42/mnm space group with
Z = 2. The lattice parameter is calculated to be
a = b = 4.736 A˚, c = 3.184 A˚, and V = 71.38 A˚3 which
is consistent with the reported value (JCPDS-41-1445). In
the tetragonal SnO2, the Sn atoms are octahedrally coor-
dinated by O atoms. The size of the as-prepared SnO2
crystallites was estimated about 10.1 nm by using the
Sherrer formula.
Figure 2 shows the energy dispersion X-ray (EDX)
spectrum to confirm the composition of the as-prepared
hierarchical porous SnO2. As shown, the chemical com-
ponent of the as prepared sample is mainly composed of tin
and oxygen. No obvious remaining carbon element can be
detected in the as-prepared SnO2 nanocrystals. It illustrates
that our proposed method is very efficient to synthesize
high purity tetragonal SnO2. From the EDX patterns, the
Sn/O atomic ratio is computationally about 1:2, which is
similar to atomic ratio of Sn/O, 32.6:67.4, calculated based
on the XPS results. XPS was further carried out to inves-
tigate the surface compositions and chemical states of the
as-prepared materials. Figure 3a, b exhibits the high-reso-
lution XPS spectra corresponding to Sn 3d and O 1s for the
nanocrystalline porous SnO2. It appeared as a spin–orbit
doublet at *486.4 eV (3d5/2) and *495.0 eV (3d3/2),
which was in agreement with the reported value in the
literature [30]. In the case of the O 1s peaks, a shoulder at
*531.5 eV is observed with the main peak at *530.3 eV.
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Fig. 1 XRD pattern of the as-prepared hierarchical porous SnO2 (a)
and the crystal structure of tetragonal SnO2
Fig. 2 EDX spectrum of the hierarchical porous SnO2
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The main peak is assigned to the lattice oxygen, and the
shoulder is due to the oxygen of the Sn-OH bonds [31, 32].
The textural properties of the as-prepared sample are
confirmed by N2 sorption analyses. The specific surface
area of the hierarchical SnO2 sample is about 60.0 m
2g-1
by using the Brunauer–Emmett–Teller (BET) method.
Figure 4 shows the pore size distribution curve calculated
from the desorption branch of a nitrogen isotherm by the
BJH method using the Halsey equation. Two types of pores
can be defined in the as-prepared sample, including small
mesopores (4.7 nm) and large mesopores with a maximum
pore diameter of ca. 31 nm. The inset shows the corre-
sponding nitrogen isotherm of the hierarchical SnO2. There
are two capillary condensation steps on the N2 adsorption–
desorption isotherm. These results suggest that the hierar-
chical SnO2 is composed of independently connected
mesopores. The first hysteresis loop, 0.35 \ P/P0 \ 0.86,
of the sample is attributed to the filling of the framework
confined smaller mesopores formed between intra-
agglomerated primary particles [33]. The second hysteresis
loop is at 0.86 \ P/P0 \ 1, corresponding to the filling of
larger textural mesopores produced by inter-aggregated
secondary particles.
Shown in Fig. 5 are typical SEM images of the hierar-
chical porous tin oxide. From Fig. 5a, one can see that the
hierarchical SnO2 is composed of macroscopic network
structures with lots of macropores ranging from ca. 30 to
300 lm (size). Something interesting can be further found,
from Fig. 5b, c, that the wall of these macropores is
composed of numerous small SnO2 sheets of 1 lm
(thickness). All of these SnO2 sheets are overlapped each
other to form a laminar structure with relatively homoge-
neous macropores of ca. 1–2 lm (size). Figure 5d further
shows an image of a single SnO2 sheet and it is composed
of numerous small interconnected tin dioxide crystallites. It
is worthy to note that these small crystallites aggregate to
form a nanoporous structure in the SnO2 networks.
Figure 6 shows the HRTEM images of the as-prepared
samples, no long-range order mesoporous structure can be
found, though the mesoporous structures can been seen
clearly. This is possibly related to the crystallization of the
channel walls, which destroys the long-range order of
mesoporous structure [34]. Therefore, the mesoporosity
could mainly result from the interparticle porosity.
HRTEM image of the as-prepared sample is shown in
Fig. 6b, which gives the polycrystalline information of the
hierarchical SnO2. Such small grains with a diameter of
about 10 nm are distributed homogenously in the pore wall
of SnO2 to form the interparticle pores. Such result is
similar with that calculated from XRD spectra. Meanwhile,
all of these grains are of well crystallized rutile SnO2
phase. Legible crystal lattice can be well defined in Fig. 6b.
The observed interplanar spacing as marked is about 0.33
and 0.26 nm, corresponding to the (110) plane and (101)
plane of the rutile SnO2, respectively.
The possible shape mechanism for the as-prepared
hierarchical porous SnO2 nanocrystals is demonstrated in
Fig. 7. Two steps may play an important role in the syn-
thesis procedure. The first one is the formation of a clear
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Fig. 3 (a, b) XPS profiles of the hierarchical porous SnO2
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mixture solution, containing ethanol, glycerol and tin tet-
rachloride hydrate, and the second one is boiling the
alcohol to generate nanopores in the SnO2 gel through
calcination. In the present work, we also noted that the
hierarchical porous structure cannot be obtained in the
absence of the clear mixture solution. Serious aggregation
took place to the SnO2 grains. These phenomena show that
a well-homogenous SnCl4 alcohol solution is the key
determinant of the fabrication of hierarchical porous SnO2
nanocrystals. It could allow the alcohol bubbles to generate
interparticle nanopores in the SnO2 monolith.
4 Conclusions
In summary, hierarchical porous stannic oxide (SnO2) are
successfully prepared through one-pot template-free syn-
thesis route. In the synthesis, the boiling of the alcohol is
Fig. 5 SEM images (a, b) of the hierarchical porous SnO2 with different magnifications, (c, d) high resolution SEM images of both a and b
Fig. 6 TEM images of the hierarchical porous SnO2
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utilized to generate nanopores in the SnO2 monolith.
Polycrystalline hierarchical SnO2 with well proportioned
composition is also obtained in the pore walls of SnO2.
Based on the large surface area and integrated pore sys-
tems, it is expected that the hierarchical porous SnO2 will
play an important role in various applications, such as gas
sensors, separation, lithium ion batteries and other fields.
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